The study was conducted at the Biochemistry Engineering Laboratory of the Federal University of the Rio Grande do Norte to verify the efficacy of microorganisms as solvents of apatite and biotite rock powder to enable the availability and rapid production of biofertilizers. Bacteria Paenibacillus polymyxa, Ralstonia solanacearum, Cromobacterium violaceum and Acidithiobacillus thiooxidans and fungi Penicillium fellutanum and Tricoderma humatum were inoculated into biotite rock powder and apatite rock powder originating from the States of Paraíba and Paran a, respectively, in Brazil. Rock powder samples were taken on Petri plates, 10% sulfur was added to each, and were subsequently inoculated and co-inoculated for a period of 72 days. Every 12th day, the samples were withdrawn and their mineral release curve was studied. From our results, the co-inoculations with Paenibacillus polymyxa þ Ralstonia solanacearum and Paenibacillus polymyxa þ Cromobacterium violaceum rendered higher solubility of K and P, respectively, at 36 days.
Introduction
The growing concern for environmental conservation has stressed on the need for effective agricultural systems emphasizing ecology, profitability and social equality. The ecological aspect of agricultural undertaking strives for the responsible use of natural resources such as soil, water, fauna, flora, energy and minerals (Oliveira et al., 2003) . One of the main overheads in crop production is fertilizer, mainly distinguished by its macronutrient content of nitrogen, phosphorus, and potassium (Alves et al., 2010) . Among the three main nutrients, plants require K and P in greater quantities for their metabolic functions (Rheinheimer et al., 2008; Chotchutima et al., 2016) .
Geological characteristics have replaced vital quantities of elements from the soils of Brazil by intemperate factors over millions of years. Brazil is a substantial consumer and importer of potassium fertilizer, and the local source of raw mineral potassium chloride would support the demand up to 2017. However, the trend in the supply of apatite rock in Brazil is more encouraging, for the national companies supply 80% of this mineral asset (Rodrigues, 2009) .
Since the high dependence on import of fertilizers entails heavy national expenditures, it becomes urgent to find ecologically safe, sustainable and economical means to fertilize the soil using ground rocks whose main characteristic is gradual solubility of its nutrients in highly appropriate and favorable conditions for mineral lixiviation (Beneduzi et al., 2013) .
But according to Alves et al. (2010) , the release of rock powder nutrient solution into the soil to be absorbed by plants may be slow in eroded tropical soil. One of the most promising alternative mechanisms for increasing crop yields is the use of biotechnology, and many microorganisms have been recognized for their ability to promote bioquimical transformations of the nutrients, mainly N, P and K, to a form absorbable by plants, through nutrient decomposition and cycling of nutrients. Within these capabilities of the microorganisms are involved the mechanisms of production of organic and inorganic acids, chelation, ionic exchanges, enzymes and others (Guimarães et al., 2006; Aria et al., 2010) .
The biological processes that arise in the soil/plant, performed by microorganisms, form the basis upon which agriculture agroecology is sustained. The use of microorganisms for improvement of agricultural productivity is likely to be one of the most important tools for agriculture in the current world, mainly due to emerging demand for reducing dependence on chemical fertilizers and the need for sustainable agriculture development (Moreira and Siqueira, 2006; Dastager et al., 2011) .
Experiments in solubility involving microorganisms have shown promising results (Aria et al., 2010; Chagas Junior et al., 2010) . The search for strains, isolated or combined, that deliver high solubility is ongoing. The discovery of the knowledge of the mechanisms of microbial interactions with the soil, as well as the invention of technology to maximize the benefit to sustainable agriculture, is a great challenge. Hence, it has become important to investigate the time needed for the biosolubility activity of P and K to reach its peak in order to be made available to plants. Thus, the objectives of this study were to verify the effect of inoculation and co-inoculation with bacteria and fungi on the solubility of P and K contained in the rock powder and analyze the effective time by which biosolubility of apatite rock and biotite rock could be achieved for effective production of biofertilizers.
Materials and methods

First bioassay
The bioassay was run at the Biochemistry Engineering Laboratory of the Chemical Engineering Department of the Federal University of the State of Rio Grande do Norte (UFRN). The efficiency of the microorganisms, alone as well as in combination, was tested. The solubility of K and P in ground rock due to the action of the microorganisms was also evaluated.
Use of substrate
The substrate used was biotite rock (containing 17.7% potassium (K 2 O)) from the State of Paraíba (Brazil) and apatite rock (containing 12% phosphorus (P 2 O 2 )) from the State of Paran a (Brazil). The powdered rock was mixed with 10% elementary sulfur (S) or 12 g of sulfur per 120 g of rock powder on Petri plates (Stamford et al., 2008) . The chemical analysis followed the Embrapa (2009) methodology, with P and K extracted by the Mehlich-1 (HCl 0.05 M þ H 2 SO 4 0.0125 M). Potassium was determined by flame photometry and P by colorimetric determination.
Bacterium and fungi used in the bioassay
The genera and origin of different strains used in the present study are presented in Table 1 .
Multiplication of microorganisms
The genus Paenibacillus polymyxa was cultivated in TSB (tryptic soya broth) medium at pH 7.0, 32 C/150 rpm for 2 days (Silva et al., 2007) . The bacterium A. thiooxidans was cultivated in TK (Tuovinen and Kell) medium (Tuovinen and Kelly, 1973) at pH 2.8, 30 C/170 rpm for 15e20 days. For Ralstonia solanacearum, Kelman's (Kelman, 1954 ) methodology was applied, at pH 7.0 and 33 C/150 rpm for 3 days. C. violaceum was purified in Luria-Bertani medium at pH 7.0, 30 C/170 rpm for 2 days (Sambrook and Russel, 2001 ). For P. fellutanum, malt extract was used (2% malt extract, 0.1% peptone and 2% glucose), and for T. humatum was used 2% malt extract at pH 5.0 and 30 C/150 rpm for 3e5 days (Rifai, 1969) . When necessary, 1.5e2% agar was used to store the microorganisms. All microorganisms were multiplied until reach stationary phase.
Inoculation and incubation period
Treatments by separate inoculations (with only one microorganism) and co-inoculations (with two organisms) using all possible combinations were carried out. These treatments were incubated in Petri plates containing apatite and biotite rocks separately, with addition of sulfur. Inoculations and co-inoculations were carried out by placing 6.0 mL of inoculum of each microorganism per Petri dish. The treatments were kept with water content of 80% of field capacity during the incubation period. The bioassay lasted 72 days. At 12-day intervals, samples were taken and the biosolubility reaction of K and P observed. Immediately after collection, the samples were incubated at 70 C for 3e4 days for later analysis.
Statistical analysis
The experiment was carried out in a completely randomized design with split plots in time and three replications. The data were analyzed statistically with the analysis of variance, and when a significant F value was detected means were compared using the Tukey test at the 0.05 level of significance, using 21 treatments with three replicates using the software SISVAR 5.3 (Ferreira, 2010) .
Results and discussion
A variance analysis demonstrated that the variables of the treatment, time and treatment Â time, were significant at a level of 5% probability by the Tukey test.
This study provides valuable information as to the peak solubility time brought about by inoculation and co-inoculation of apatite and biotite rock powder samples. The K and P release curves of rock powder during an incubation period of 72 days (Figs. 1 and 2) suggest the four phases of the microbial growth curve in an enclosed environment. Extracting solution of Mehich I solubilized 39.54 mg/dm 3 of available K in the potassic rock and 602.81 mg dm À3 of available P in the phosphate rock.
From our results, the bacteria produced higher solubility levels as compared to fungi. Notes that this capability differs among genus and family of microorganisms, and although a larger number of bacteria are known to cause higher solubility, several of the fungi too could demonstrate this ability (Moreira and Siqueira, 2006) . This point was not confirmed in this study, and may be related to different nutrition factors in the medium as glucose and sources of nitrogen as yeast extract, tryptone and peptone. Silva Filho and Vidor (2000) tested the solubility of 56 isolates and found that solubility only took place in a medium having a rich source of carbon, such as xylitose, glucose, fructose or maltose, as well as of N, Fe, Ca and K, suggesting also that, nutritional deficiencies can promote the production and/or release of acids. Corroborating the present work in which the organisms presented greater solubility when the medium contained glucose and/or various sources of N. As far as K (Tables 2e5) is concerned, the microorganisms presented a homogeneous behavior, causing an increased release of K up to 36 days (p < 0.05) of incubation and then a decrease later. This trend possibly occurred due to the reduction of the nutrient supply provided by the biotite rock to the growth of the studied microorganisms. Stamford et al. (2008) inoculated apatite rock and sulfur on Petri plates with a strain of the genus Acidithiobacillus and incubated these for a period of 30, 45, and 60 days. In that study, the peak of solubility of P and K was noted on the 60th day. In the present study, a high variability was noted in the values of K solubilized at 36 days of incubation (57.30e109.83 mg dm À3 ) when compared to the control group (K ¼ 39.54 mg dm
À3
) corresponding to the biotite rock solubilized with Mehlich I extractor, without microorganisms, at time 0.
Among the inoculation treatments (Table 2) , there was no significant difference in liberation values, excepting for P. polymyxa (101.32 mg dm À3 ). However, a significant difference (p < 0.05) was noted on the Tukey test, showing a difference of 56. 54% as compared to the P. fellutanum treatment (57.30 mg dm À3 ). It is known that the bacterium P. polymyxa is able to produce a variety of metabolites among them extracellular polysaccharides, enzymes, and organic acids such as formic acid, oxalic acid and acetic acid. These macromolecules in the presence of minerals can lead to changes in the properties of their surfaces, and these changes can be attributed to a higher affinity of minerals by these macromolecules present in the cell wall of the microorganism (Botero et al., 2008) . With respect to co-inoculation treatments, synergism among microorganisms was observed, but without significant differences in time 36 days. According to with C. violaceum þ T. humatum (Table 4) . Table 5 shows that K solubility presented a significant increase (p < 0.05) when coinoculated with P. polymyxa þ R. solanacearum (109.83 mg/dm 3 ), yielding an increase in rock powder solubility of 177.77% in relationship to the control group extracted with Mehlich I (39.54 mg/ dm 3 ) (Table 5) , and graphically represented in Fig. 1 . It is important to note that P. polymyxa inoculated alone provided a K solubilization of 101.33 mg/dm 3 (Table 2) . Guimarães et al. (2006) used 40 isolated fungi inoculates in a liquid medium containing fragmented rock and observed an increase of up to 80% in the contents of released K when compared to the control group and attributed this release mechanism to the genus of the fungi. Our results suggest the formation of functional groups having similar metabolism and interacting with each other. According to Andrade and Nogueira (2005) , certain microorganism populations perform complementary physiological mechanisms that are part of one or more biogeochemical cycles. In the present study, coinoculation with P. polymyxa þ R. solanacearum present a great potential for sustainable agriculture. The natural supply of K is not sufficient to sustain a high agricultural yield, as well as produce quality may be significantly affected (Taiz and Zeiger, 2009 ).
An instability (p > 0.05) was observed in the solubility and release of P with different microorganisms. Such instability in the decline phase suggests a dying process involving the majority of viable cells releasing P to the medium, while others are still dividing, mineralizing and absorbing. According to Mendes and Reis Junior, 2003 , the immobilized P in the microbial biomass constitutes a readily available reserve of this nutrient.
For days 12, 24, 36 and 48 of incubation, there were no differences (p < 0.05), but there was a rising tendency and towards the average on the 36th day (42.8% of treatments), noticeably in the treatments (Table 6 ) of C. violaceum (817.47 mg dm À3 ; 35.6% above the control group) and P. polymyxa (783.88 mg/dm 3 ; 30% above the control group). The simultaneous effect of the co-inoculation of P. polymyxa þ C. violaceum on apatite rock reached a higher level (934.35 mg/dm 3 ) (Table 7) , surpassing the availability of the mineral by 55% compared to the non-inoculated control group (602.81 mg/dm 3 ; time 0), graphically represented in Fig. 2 , ensuring greater effect on the solubilization. This result suggests an accumulation of enzymes for the process, among other organic products, as stated by Singh et al. (2010) . According to Kiss et al. (1975) , enzymes have a fundamental role in the nutrient cycle of the soil, which results in the proliferation of diverse microbial groups and in the accumulation of their enzymatic activity. This finding confirms the importance of functional groups of different organisms for plant nutrition and productivity. In the soil, microorganisms proliferate in complex communities, not in pure cultures (Dantas et al., 2009) , which is of importance for the maintenance of the soil as well as of life on planet Earth (Andrade and Nogueira, 2005; Pereira et al., 2013) . This consortium of the different species, according to Li et al. (2003) , carries an important role in tropical and subtropical regions through their symbiotic interactions thus benefiting one another, amplifying the absorption of nutrients, especially phosphorus. P. polymyxa stands out in coinoculation, revealing its significance in agriculture. Looking at Table 8 , a higher instability among the different groups of microorganisms suggests that various mechanisms may co-inoculated with R. solanacearum þ T. humatum, to 837.87 mg/ dm 3 (treatment co-inoculated with P. polymyxa þ P. fellutanum) and time 60 and 24 days, respectively. According to Hariprasad and Niranjana (2009) , the capacity for biosolubility depends on the family of organisms, the type of phosphate to be solubilized and the nature of the organic material produced. Song et al. (2008) reported that the solubilization of insoluble inorganic phosphate by the bacterium Burkholderia cepacia species is related to the decrease of pH. We show here that in general, biosolubility of biotite and apatite rock by inoculation and co-inoculation was best on the 36th day of incubation. Among the treatments with simple inoculation, P. polymyxa and C. violaceum exhibited higher content of K and P yield by biotite and apatite rock, respectively. In relation to treatments with co-inoculation, P. polymyxa þ R. solanacearum in biotite rock presented greater availability of K, while co-inoculation with P. polymyxa þ C. violaceum promoted the highest solubility of P in the apatite rock. The synergy within these lineages optimized the process of biosolubility of P and K from rocks for the efficient production of biofertilizer.
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